The enigmatic control of the occurrence frequency of Jupiter's decametric emissions by the satellite Io has been explained theoretically on the basis of its strong electrodynamic interaction with the co-rotating
Introduction
The Voyager 1 spacecraft encounter with the planet Jupiter occurred on 5 March T979 with a closest approach distance of 4.9 R (1Rj = 71372 Km) at 1.2:04 UT. The encounter trajectory had been designed specifically to provide a passage through the magnetic flux tube which links the Galilean satellite o-with the Jovian atmosphere and ionosphere, at close range to the satellite. Distortions of the, flux tube associated with Io's 1 interaction with-the Jovian magnetosphere were not considered in the trajectory optimization analysis due to the absence of definitive informatidn regarding the magnitude of the expected perturbation. The sele6ted trajectory was designed to provide a passage through lo's southern flux tube at a closest approach distance of 20500 km from the satellite.
The twin Voyager magnetic field experiments (Behannon et al., consist of an array of four triaxial fluxgate magnetometers designed to measure magnetic fields over an extremely wide dynamic range, from the noise level of the -low fieldmagnetometers (LFM's), 0.006 nT RMS, to the upper limit of-2x10 6 nT per axis for. the high field magnetometers (HFM's). Two LFM's are mounted on-a 13 meter boom and arranged in a dual magnetometer configuration which allows the continuous estimation and elimination of spacecraft generated magnetic fields; the twz HPM's are ,-mounted on the boom cannister support structure and are designed to measure 6 large planetary fields, up to 2x10 nT per component.
During the time interval associated with the anticipated lo flux tube passage, the GSFC magnetic field experiment detected significant, perturba tions superimposed on the much larger background planetary field. We interpret these perturbations as associated with intense currents electro dynamically induced in Io and/or its ionosphere as the Jovian magnetosphere swereps past the satellite.
A preliminary report and analysis of quick look data obtain&d at -the time of the encounter has been given by Ness et al. (1979) . These -pre liminary analyses did not consider the ramifications of the observations reported by complementary investigations aboard the spacecraft. Of particular importance are the plasma inertial effects introduced by the presence of the lo plasna torus (Broadfoot et al., 1979; Warwick et al., 1979; Bridge et al., 1979) . It is the purpose of this paper to present a more detailed and expanded report of the magnetic field observations and the-results of analyses carried out taking into account a more accurate physical description of the interaction between Io, its environment and the Jovian magnetosphere and using updated and much more accurate spacecraft trajectory and especially attitude information.
We show that the observations can be interpreted within the general framework of theoretical predictions based upon two oppositely directed currents in each Jovian hemisphere flowing along the direction of Alfven wave group propagation, approximately parallel to lo's magnetic flux tube and generating a field perturbation whose general characteristics can be well represented by the field associated with a two dimensional dipole.
This more accurate interpretation of the observations in terms of a non-linear, standing Alfven current system (Drell et al., 1965; 1,979) yields estimates of the local ion mass density. These are in excellent agreement with the results derived fran the observations by the ultraviolet experiment (Broadfoot et al., 1979) , the planetary radio astronomy experiment (Warwick et al., 1979) and the plasma science experiment (Bagenal et al., 1980; Belcher et al, 1980) . In addition a number of interesting conclusions can be derived about the gen~ral nature of the electrodynamic interaction in the vicinity of Io.
Earlier Studies
The role of Io as a unipolar generator and the induction of large electrical currents flowing aligned to the magnetic field along the flux tybe had been suggested on observational and theoretical grounds by Piddington (1967) and Piddington and Drake (1968) . Further studies on the resulting current system, its possible closure geometry and on charged particles in the flux tube and their acceleration, have been presented by Goldreich and Lynden-Bell (1969) , Gurnett (1972) , Goertz (1973) , Goertz and Deift (1973) , Deift and Goertz (1973) , Shawhan et al. (1975) , Dessler and Hill (1975 , 1979 ), Cloutier ethal. (1978 , and Dessler and Chamberlain (1979) . The strong theoretical interest in this unique phenomenon is directly associated with the observed correlation between lo's :orbital phase, the Jovian Central Meridian Longitude (CML) and the probability of detection of Jovian radio emissions at decametric wavelengths at the earth (e.g., see recent review by Carr and Desch, 1976 and references therein) . These phenomena and the recent discoveries by Voyager 1 of the lo plasma torus (Broadfoot et al., 1979) and of active volcanism on the surface of the satellite (Smithet al., 1979) undoubtedly make Io one of the most interesting objects in the solar system.
A widely -accepted model-for the' current system consists of field aligned currents emanating from. the outer -face of Io and flowing both southward andnorthward towards the Jovian ionosphere. The return-currents then, flow-along, the flux tube on its inner face. The closure of these currents at the extremes of the circuit requires the existence o,,-regions of high Conductivity transverse to the magnetic field. These were generally -associated.with the conductivity of the Jovian ionosphere, Io[s ionosphere.and/or its-interior .
The description of the interaction in terms of a non-linear standing Aifven-current system.- (Neubauer, 1980) , also. Implies the possibility that these waves--may-be'.reflected at the Jov.ian, ionosphere or torus boundary.
This would lead, to. a partial closure-of the-currentsystem in the near vic-inity of Io. In addition, in the-Alfvenwave system-description, the curtWents are-not strictly field aligned and the separation between current sWteam lines and magnetic field lines can-become appreciable if followed .4i the-way -down to the Jovian ionosphere (Neubauer, 1980) . This .can:,hav.e important implications for the interpretation of Jovian decametric radio emissions-as a function-.of'CML and to-phase since it further enhances-the distortion of field lines away from -simplemeridional planes associated w±th.the non-dipolar nature of the Jovian magnetic field (see., for example, G6ldreich and Lynden-Bell, 1969).
Observations and Analyses
A projection. of the spacecraft encounter trajectory onto the Jovian magnetic equatorial plane in System III (1965) coordinates is shown in Fig.   1 . The position of Io is also indicated-in the figure for reference. The lo L-shell is crossed during the inbound leg at 0900 SdET while: the predicted Io flux tube traversal occurs on* the outbound leg at 1502 SQET.
One-interesting feature of this trajectory is that the spacecraft remains relatively close to lo for A 8 hrs, thus potentially allowing,the detailed study of various phenomena (i.e., ion cyclotron waves) associated-with the Io torus. These studies will be the subject of a future report and are not included here.
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The selected flux tube geometry relative 'to the spacecraft trajectory was calculated using the 04 agnetic field model of Acuna and Ness (1976) and the D 4 model of Smith et al. (1975) , neglecting any possible distortions of the flux tube due to the current system. The probability of intercepting the central part of the flux tube, as computed from the above models, was essentially identical for both, the only difference being the encounter time, with the 04 model predicting a flux tube encounter 1 minute later than the P 4 model. The detailed trajectory near lo's closest approach is shown in Fig. 2 in a coordinate system centered at and moving with Io. In this analysis system, the Z-axis is parallel to Jupiter's rotation axis, the X-axis is oriented in the direction of corotational flow and the Y-axis points toward Jupiter. The closest approach point to the satellite occurs at 1513 SCET at a distance of 20500 km from Io's center and at a System 111(1965) longitude of 3280.
To ensure the acquisition of maximum resolution data during the lo flux tube passage, the outboard LFM was commanded to operate in a fixed (non-automatic ranging) mode corresponding to a maximum measurement capability of 2400 nT per axis, close to the maximum anticipated for this time period from the analytical models of the field. This operational mode, in conjunction with the experiment 12-bit A to D converter and fast sampling rate, yielded a data set with 0.5 nT and 60 msec resolution respectively.
The magnetic field data obtained from 1424 SCET to 1550 SCET are shown in Figure 3 , where 1.92 second averages of the three field components, Bri B', B, in a spherical coordinate system centered at Jupiter and aligned with the rotation axis are shown. It is important to note that the spacecraft performed a number of attitude maneuvers after 15:22SCET associated with optimum positioning of the scan platform for observing Io.
The spacecraft attitude for some of these maneuvers has been reconstructed from the magnetic field data itself due to the lack of adequate high time resolution engineering data During and adjacent to the time interval associated with the geometrical flux tube passage, strong, smooth perturbations of the background field, can be observed.
Although 1.92 -second averages are shown in the figure., detailed analysis of the high time resolution data reveals the absepnne pf short period coherent perturbations in the measured field.
A power spectral aialysis of these data, up to the instrument's Nyquist frequency confirms the absence of significant maxima in the spectra, the power spectral density vs., frequency urves being characteristic of quantization noise associated with the ± 0.5 nT digitization uncertainty = for frequencies greater than 1 'Hertz.
In order to study the characteristics of the perturbation, the, large background field must be subtracted from the measurements. At this point, we can raise the question about the observed perturba tion being due to an intrinsic Ionian magnetic field which is strong enough to be observed at the spacecraft location. Two simple dimensional arguments can be easily put forward to rule out this possibility: 1) the magnitude of the transverse perturbation vector shown in Fig. 4 as a function of time varies with a characteristic scale length at its full width-half-maximun points corresponding to a distance of 9000 km, as seen by an observer on Io, which is small compared with the closest approach distance of 20,500 km and 2) the perturbation is characterized by a change in ambient field direction rather than field magnitude. On the other hand, the possible existence of a small intrinsic Ionian field (Neubauer, 1978; Kivelson et al., 1979 ) cannot be ruled out on the basis of these observa tions. The existence of an intrinsic magnetic field of Io would physically affect the current system responsible for the observed perturbation in the immediate vicinity of the satellite (Neubauer,, 1980) and would cause energetic particles to be selectively deflected as a function of their energy. This latter effect has been reported by Krimigis et al. (1979) although no definitive statements have been made regarding the possible existence of an Ionian magnetic field.
Qualitatively, the extremely smooth variation of the pertubation field together with its simple appearance suggest that Voyager 1 did not pass through the main current carrying region but flew near it. As reported by Ness et al. (1979) , the observations can be represented to a good approximation by the magnetic field generated by two oppositely directed line currents flowing approximately parallel to the average magnetic field direction.
Because of the infinite number of possibilities available to explain the given magnetic field observations along the spacecraft trajectory in terms of a spatial distribution of currents, detailed interpretations of the obserVational results have to be guided by appropriate physical ideas about the nature of the plasma currents. Further insight into the geometry of the current carrying region can be gained by considering the inertia of the ambient plasma (Io torus) which will cause the currents to deviate from flowing strictly parallel to the magnetic field. This problem has been addressed recdently by Neubauer(1980) where a full non-liniear solution is
given for the 'system of standing Alfven waves generated by. the interaction ofI16 with, the co-rotating,magnetosphere. The current tube in this case fbrms an angle 4-with the ambient magnetic field and is determined 'by the local Alfven characteristic direction, as illustrated in Figure 5 . This deseription of the interaction-suggests that the observatiohs should be analfted in a coordinate system aligned with the dire6tion of Alfven chatabteristics C+ (see Fig. 5 ). Sin'de the magnitude of eA deperds on the local Alfven Mach number and this is not known a priori, it must be assunfed.. Thus, the orientation of the analysis coordinate system with re'spect to the local magnetic field is determined by the assumed Alfven Mach number, which yields a local c-haracteri-stic direction,by The lowest order terms in the expansion for the potential T of the field generated by a system of currents j (with net current = 0) flowing parallel and anti-parallel to the Z-axis in our coordinate system is a 2-dimensional dipole whose potential, V, is given by m ( -5
( 1) 2i(1 l -I 12
where At corresponds to the perturbation field, X is the spacecraft position vector X(x,y)., m is the dipole moment and t the dipole location in the X-Y plane.
The observations can then be fitted to the model in the analysis coordinate frame in a least squares sense. Given the Alfven Mach number MA which defines the orientation of the coordinate system, we determine the parameters i and t by means of :an iterative "walking dipole" algorithm which minimizes the root-mean square sum of the residuals. Since the coordinate system is centered at lo and the current must flow approximately parallel to the Z-axis to connect with the satellite, the dipole location It is important to note that the quantity derived from the .observations is the.dipole moment r and not the current. A few remarks on the uniqueness problem are in ordet at this point. Although the above choice of a current distribution is a reasonable one for physical models where the current closes in the interior of Io or its adjacent ionosphere, there is an infinite number of current distributions which produce the same field as an idealized two-dimensional dipole along the fly-by trajectory in the X,Y-plane. This is apart fram the ambiguity due to observational uncertainties and the fast decrease of higher multipoles as a function of distance from the origin. In addition, it cannot be concluded that the current carrying region is remote from the spacecraft trajectory from the fact that a two-dimensional dipole is the lowest order term, i.e. the far field term4 in the expansion of an arbitrary distribution of current jz with net current zero. For example, a cylinder of diameter 8700 km which just touches the Voyager trajectory and carries a sinusoidal current we obtain = 4.77 x 1a 109 amperes km, which is smaller than the value derived from the observations. As pointed out by Neubauer (1980) , this would imply that the current carrying region may have larger dimensions than the assumed Io diameter and that the ionosphere of lo may play a more significant role than its interior in providing a closure path for the currents. To obtain the derived moment of 8.1 x 10 amperes-km, the 'effective radius' of Io in equation ( to note that volcanic ejecta can reach altitudes of 270-300 km during an eruption (Smith et al., 1979) and thus could contribute a significant amount of ionization at these heights through collisional processes with the charged particle population in the radiation belts or the torus plasma.
An alternate explanation for the large magnetic moment may be the non-negligible effect of reflected Alfven waves in the case of very efficient short-circuiting of the electric field by 1o (or non-stationary processes). For this case to occur the short-circuited electric field .inside the current tube E i must be below an upper limit given by the condition that the round trip travel time of the Alfven waves to the reflecting boundary (torus or Jovian ionosphere) equals the time it takes for the plasma-to traverse an lo diameter. In a torus of diameter 2R. we obtain (Ei/Eo) M A = RIo/Rj (4) which repiesents a generalization of equation (29) of Neubauer (1980) and is also valid for Alfven waves in the region of strong short-circuiting.
Here E is the corotational electric field (see also Goertz, 1980) . Using o MA = 0.15 we obtain Ei/E0 = 0.17. Should the reflected waves be insignificant we must have Ei/E o > 0.17. Since the average value of the
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.density and therefore MA in the torus is probably somewhat larger than bet.ween lo and Voyager, the transi-tion electric fieldmay be even smaller -than this value,;, The impl-ications of the derived current intensity of 2.,8 x 106 amperes for the electrodynamic interaction of lo with its enitircnment are 'extremely interesting, particularly the power -dissipated in the northern and southern portions of the current system. In -deriving this quantity we have to take into account that the various closed current filaments are subjected to differing voltage drops. Therefore an average voltage drop 'has to be multiplied by the total current. We cdbtain P = 21hx1 . Using 1 0 -:
and B = 1900 nT a value of P = 1.8, x 10 watts is obtained which is independent of.the diameter of the-current carrying cylinder and therefore less model dependent than the total current. This value of P, as pointed by Ness et al., 1979' , is comparable to the energy dissipated in lots interior by tidal forces (Peale and Cassen, 1979 ) and the energy radiated by the plasma torus at ultraviolet wavelengths (Broadfoot et al. , 1979) . For the total power to be av'ailable for heating lo or its atmosphere or ionosphere it-would be necessary that Io and its environment prov'ide the largest resistance in the total current circuit. This would be in contradiction to the observation that the magnetic, moment m is close to its maximum value or even exceeds it. Essentially' total short-circuiting of the electric field in Io's vicinity is required, for M (observed) = mmax to be attained and therefore negligible resistance in Io and its neighborhood. We therefore conclude, that most of the power is dissipated outside Io and its' immediate environment, i.e. the torus, th6 inner magnetosphere or the Jovian ionosphere. -We estimate the maximum power dissipation in 18's atmosphere or possibly its interior due to Joule heating to be-P/10 = 2 x 1011 watts.
The currents flowing through the Io system will also give rise to an accelerating torque due to the rotation of the Joy-ian magnetic field, as first discussed by Goldreich and Lynden-Bell, (1969) . The value oP this torque, calculated using (T = 2 r 0 .m.Bo) with r : the distance of lo from Jupiter, is 1.3 x 10 Newton-meters which is insignificant compated to Io's orbital angular momentum oR 6.5 x 1035 kg.m2/sec. Thus, it! conclusions reached by Goldreich and Lynden-Bell (1969) regarding the 12 characteristic doubling time for Io's angular momentum of 10 years stand ,unchanged. (Note that these authors used values of 3500 nT and 1.1 x 106 amperes for the magnetic field and current intensity, respectively). We also mention that only a fraction of the torque is generally applied to the solid body of io. For example the portion of the current near lo due to the pick-up of newly generated ions by the magnetic field (Goertz, 1980) will not contribute to a torque on the solid body if these ions experience no further collisions with 1o's surface or atmospheric neutrals after generation. Currents in a collison dominated region of the neutral atmosphere will contribute to the torque via viscous forces.
Prior to the discovery of the Io plasma torus, it was generally accepted that the magnitude of the currents flowing in the flux tube was limited primarily by the Jovian ionospheric conductivity (Cloutier et al., 1.978; Dessler and Hill, 1979) . The magnetic field models developed after the Pioneer 10 and 11 encounters with Jupiter (Smith et al., 1975; Acuna and Ness, 1976) indicated that the field was asymmetrical and that the surface field intensity exhibited broad minima at certain longitudes where enhanced particle precipitation would be expected (Roederer et al., 1977; Dessler and Hill, 1979) . This led Dessler and Hill (1979) to postulate that the Jovian ionospheric conductivity at the foot of the lo flux tube would be greatly increased at these longitudes due-to the enhanced partq-lt participation, and this, in turn, would lead to an enhancement of the lo flux'tbe currents. This "active hemisphere" or "magnetic anomaly" model 6 predicts that the lo currents should increase to over 10 amperes in the range of System III (1965) longitudes of 200-2600, compared to a value of" 0105 amperes over all other longitudes (Cloutier, 1978; Dessler and Hill, 1979) .
The results deduced here from the Voyager 1 observations at a System III longitude of 3100 < X < 3350, corresponding to the Io flux tube crossing interval, show that this current is 2.8 x 106 amps rather than the expected . 105 amps. Since the magnetic anomaly model does 'not take into account the existence of the plasma torus, the role played by it in providing local closure to the currents must be fully evaluated. The observations reported here suggest that lo acts as a generator of strong Alfven waves with its associated currents, magnetic field and velocity perturbations. In-contrast to the classical models by Piddington (1967) ,. Goldreich and Lynden-Bell (1969) etc. the disturbances issuing from Jo durnhg, the. Voyager-1 encounter were most likely determined by the local torus properties while the interaction with the torus boundary or Jovian ionosphere was small (a more detailed discussion of this point is contained in Neubauer, 1980) . ,We also conclude that of the most power dis ipation in this current sybtem occurred in the Jovian ionosphere, innermagnetosphere or torus but not inside to or its immediate vicinity'.
From the picture presented above it is clear that. the coupling between Io and the Jovian ionosphere is not? as strong nor as conceptually simple as envisioned prior to the Voyager I observations and plasma torus discovery.
This raises new and interesting questions regarding the mechanism of Io's control of decametric radio emissions. Although it could be concluded that -the lead angle provided by 'the Alfven wings (8. 
